It has been conjectured that at a stationary point of the tachyon potential for the D-brane of bosonic string theory, the negative energy density exactly cancels the D-brane tension. We evaluate this tachyon potential by off-shell calculations in open string field theory. Surprisingly, the condensation of the tachyon mode alone into the stationary point of its cubic potential is found to cancel about 70% of the D-brane tension. Keeping relevant scalars up to four mass levels above the tachyon, the energy density at the shifted stationary point cancels 99% of the D-brane tension.
It has been argued on various general grounds that the classical tachyon potential on a D-p brane of the bosonic string theory has a stationary point where the total negative potential energy due to the tachyon exactly cancels the tension of the D-brane [1, 2] . At this stationary point the configuration is indistinguishible from the vacuum where there is no brane. A similar argument can be given for the tachyon potential on a D-brane anti-D-brane system or a non-BPS D-brane of type II string theories [3, 4, 5, 6, 7, 8] . There is, however, no direct proof of these relations.
In this paper we demonstrate this phenomenon directly using string field theory. We restrict ourselves to bosonic string theory and use Witten's string field theory with cubic action [9] , although in principle the version of open string field theory suitable for off shell inclusion of closed strings [10] could have been used as well. The analysis could be performed for superstring theories as well using open superstring field theory [11] . The background independent features of the tachyon potential noted in [12] make earlier studies of this potential in string field theory [13, 14, 15, 16, 17, 18] 3 relevant to the problem of D-brane annihilation. Indeed, in a very interesting paper, Kostelecky and Samuel [14] gave evidence that the stationary point of the cubic tachyon potential survives with controllable corrections the inclusion of higher mass scalars of the string field expansion. Further evidence to this effect was given in [18] . It is this non-perturbative vacuum that we focus on in the present paper. Our present advantage is that we have an explicit conjecture for the value of the potential at the stationary point we are looking for. Hence we can compare the results obtained from string field theory with the conjectured value. As we shall see, using a suitable approximation scheme, we can find a stationary point of string field potential where the value of the potential is about 1% away from the conjectured answer.
4
The conjecture and the setup. Some general properties of the tachyon potential in string field theory were analysed in [12] , where it was shown that the tachyon potential on a D-brane of bosonic string theory takes a universal form:
where M is the mass of the D-brane 5 and f (T ) is a universal function independent of the background in which the D-brane is embedded. The tachyon field T and the function f (T ) are defined as follows [12] . Let H denote the space of states of ghost number one of the two-dimensional conformal field theory of the (b, c) ghost system and a matter system of central charge 26 on the upper half plane, and let |0 denote the SL(2,R) invariant vacuum of this conformal field theory. Let H 1 ⊂ H denote the space of states of ghost number one obtained by acting on |0 with oscillators b n , c n , and matter Virasoro generators L n . The subspace H 1 of H is a background independent subspace containing the zero momentum tachyon state c 1 |0 and having the property that we can consistently set the component of the string field along H − H 1 to zero in looking for a solution of the equations of motion. Since all fields in H 1 may acquire expectation values, the real problem is finding a stationary point of the string field potential V (T ) associated to the string field |T corresponding to a general state in H 1 . This string field |T , still called here the tachyon field, includes an infinite collection of variables corresponding to the coefficients of expansion of a state in H 1 in some basis. The function f (T ) is given by the following string field theory expression:
Here Q B is the BRST charge, and T (z) denotes the two dimensional field which creates the state |T from the SL(2,R) invariant vacuum: |T = T (0)|0 . I, h 1 , h 2 and h 3 are a set of familiar conformal transformations [21] whose expressions were reviewed in [12] . Given any conformal transformation described by the function h(z), and a vertex operator Φ(z) of the conformal field theory, h• Φ(0) denotes the conformal transform of Φ(0) by h.
non-primary fields there will be extra terms involving higher derivatives of h. Finally denotes the correlation function in the conformal field theory of matter and ghost fields, normalized so that c −1 c 0 c 1 = 1 .
7,8
6 Although we shall refer to these coefficients as fields, we should keep in mind that these represent zero momentum modes of the fields corresponding to space-time independent field configurations. 7 Note that this differs from the convention of ref. [12] by a factor of L, − the (infinite) length of the time interval. This is due to the fact that we are writing down the expression for the potential instead of the action. We can make these two notations consistent by choosing L = 1; in that case the potential can be identified to the negative of the action. The final results of course are independent of L. 8 The factor of 2π 2 in eq. (2) arises as follows. With
The conjecture of ref. [1] can now be restated as follows. In the space H 1 there must be a state |T c such that f (T ) has a stationary point at T = T c , and
The total D-brane mass at T = T c vanishes:
Zeroth Approximation. We proceed to verify this conjecture using a systematic approximation scheme suggested by Kostelecky and Samuel [14] . In order to explain this procedure, let us first consider setting all components of |T to zero except for the coefficient of the state c 1 |0 , a state that will be said to be of level zero. Thus we take
Substituting this into eq. (2) we get the zeroth approximation to the tachyon potential
This has a local minimum at
At this minimum
We found it very encouraging that this zeroth order approximation to the vacuum energy at the stationary point gives essentially 70% of the expected value! In fact, the offshell choice of cubic string field theory (as opposed to string field theory with higher order vertices) yields at this level the best possible approximation to the expected value. Indeed, the constant r defined above is essentially the mapping radius of the disks defining the three string vertex [16] , and it is maximal for the vertex of the cubic theory. Thus |f (t c )| is maximal for this choice.
Subsidiary conditions on T . In order to compute corrections to this result, we need to include the higher level fields in our analysis. The analysis can be simplified by noting that the potential (2) has a twist symmetry under which all coefficients of states at odd levels above c 1 |0 change sign, whereas coefficients of states at even level above c 1 |0
remain unchanged [14, 22] . 9 Thus coefficients of states at odd levels above c 1 |0 must always enter the action in pairs, and we can trivially satisfy the equations of motion of these fields by setting them to zero. Thus we look for solutions where |T contains only even level states. With the state c 1 |0 defined to be at level zero, the additional fields we must consider will be at levels two, four, and higher. At level two, for example, we find three states, c −1 |0 , L −2 c 1 |0 and b −2 c 0 c 1 |0 . We can further simplify the expansion by using the Feynman-Siegel gauge:
This gauge choice can be justified by first showing that such a gauge can be chosen at the linearized level, and then assuming that the fields are small enough so that we can continue to make this gauge choice even in the presence of interactions. The proof of validity of this gauge at the linearized level proceeds as follows. Let |T (2n) denote an arbitrary level 2n 
must vanish, as we wanted to show. Hence the Feynman-Siegel gauge is a valid gauge choice for sufficiently small field configurations.
Approximation with level two fields. Using the Feynman-Siegel gauge we have
9 The origin of this symmetry can be traced to the relations h 1 (−z) = I(h 3 (z)), h 2 (−z) = I(h 2 (z)), and h 3 (−z) = I(h 1 (z)), where I(y) = 1/y is a combination of the SL(2,R) and world-sheet parity transformations. In the restricted sector H 1 the world-sheet parity as well as SL(2,R) is a symmetry of the theory. which includes the two level two fields u and v. The (1/ √ 13) factor in the last term was chosen for convenience (L n 's denote matter Virasoro generators.). At this stage we can simply substitute (9) into (2) and find f (t, u, v), but there is a further approximation which is possible [14] . For this let us define the level of a given term in f (T ) as the sum of the levels of all the fields appearing in this term. We can now approximate the potential f (T ) by keeping only terms up to a certain level. Since the quadratic terms involving level two fields is already level four, it does not make sense to truncate the potential to terms below level four once we have included the level two fields in our analysis. Thus the next approximation to the potential, f (4) , will be obtained by substituting in (2) Ref. [14] evaluated the potential up to level six and found that the stationary point of the potential persists up to this level. Their result, when translated into the normalization convention of this paper, is as follows.
11 At level four the potential is given by
f (4) (T ) has a stationary point 12 at T c (t c ≃ 0.542, u c ≃ 0.173, v c ≃ 0.187) at which f (T c ) ≃ −0.949. This is about 95% of the expected answer −1! 13 11 In order to convert the result of ref. [14] to our convention, we need to set α ′ = 1 and g = 2 in the expressions given in ref. [14] , and multiply their potential by a factor of 2π 2 . The fields t, u and v used in our paper correspond to their fields φ, −β 1 and B respectively.
12 Strictly, this point is not a minimum of the potential, nor even a local minimum. This is not necessarily problematic. The string field theory has ghost and auxiliary modes with negative mass squared that are not physical tachyons. The field u appearing in (10) is an example of this. We still expect physical stability of this stationary point. 13 Since ref. [14] did not have a reference scale to compare with, they expressed the potential in units of the string tension and the on-shell three tachyon coupling, and concluded that the potential is quite shallow. On the other hand, using the mass of the D-brane as the reference scale, we see that the potential is in fact quite deep. Already at this level it is about 95% of the mass of the D-brane.
At level six the potential includes the level four interactions plus additional terms:
Solving the equations of motion that follows from the total level six potential f (6) , one finds that the location of T c is shifted slightly (t c ≃ 0.544, u c ≃ 0.190, v c ≃ 0.202) with f (T c ) ≃ −0.959. By including two modes in addition to the tachyon we have gone from 68% to 96% of the expected vacuum energy! This is certainly encouraging and leads us to believe that the expansion converges rapidly to the expected answer.
Approximation with level eight interactions. To establish the convergence beyond reasonable doubt, we now undertake the substantially more involved calculation of the potential to level eight. For this we need to include all the level four fields. A general tachyon field configuration in the Feynman-Siegel gauge, including fields up to level four, has the form:
In order to construct the potential to level eight, we need to substitute (12) into (2), and evaluate the action keeping terms up to level eight. We use two different methods to compute the cubic interaction vertices. In the first approach we explicitly compute the conformal transformation of all the vertex operators associated with the state (12) under the conformal maps h 1 , h 2 and h 3 , and compute the three point correlation functions of the resulting operators. In the second approach we use a representation of the matter Virasoro algebra in terms of 26 free bosonic fields, and use the Neumann function method to compute the three string vertex [23] . Both approaches give the same results.
Besides the terms given in eqs. (10) and (11) (which we explicitly verify), there are four different kinds of additional terms in the computation of f (8) . These are 1. The quadratic term involving the level 4 fields. This is a level 8 contribution to the potential, and is given by:
14 Since we are using background independent modes, we have here less fields than in Refs. [14, 18] , the last of which cites a computation of the potential using level six fields. 
On the other hand, the 0-4-4 interaction terms are given by, The level 8 approximation to the full tachyon potential is obtained by combining the contributions (10), (11) and (13)- (17):
Given this potential we can search for a stationary point of the potential. 15 We find that the equations of motion following from this potential are satisfied for 16 : 
The value of the potential at this stationary point is given by
2. Associated with the phenomenon of tachyon condensation on the D-brane is the problem of the extra U(1) gauge field [24, 6, 25] . How does the U(1) gauge field living on the brane disappear after the tachyon condenses and the brane annihilates? Since the tachyon is neutral, the gauge field cannot acquire mass via the Higgs mechanism. Also, how do open strings with one endpoint lying on the D-brane in question disappear after tachyon condensation?
Ref. [26] proposed that at the extrema T = T c , the action of the gauge field vanishes identically. This explains the absence of a dynamical gauge field. In addition, the path integral over the gauge field now sets to zero the charged currents, thus explaining the absence of open strings with one endpoint on the brane in question.
Since our analysis shows that the tachyonic vacuum can be studied efficiently with string field theory, one can ask if the above proposal can also be verified using string field theory. In other words, can one study the fate of action involving the gauge fields at the extremum T = T c and show that its coefficient becomes small?
3. According to the conjecture of ref. [1, 2] , a D(p−1) brane of the bosonic string theory can be regarded as a lump solution on a Dp brane, where far away from the core of the lump the tachyon condenses to the critical value T c . Since the configuration T = T c seems to have a good description in string field theory, it is natural to ask whether the lump also has a good description in string field theory.
4. Another question that arises from our analysis is: is it possible to write down a closed form expression for the exact extremum |T c of the tachyon potential, and/or of the lump solutions describing lower dimensional branes? As we have already mentioned, the near equality of u c and v c in eq. (19) can be taken as an evidence that there is a closed form expression for |T c .
5. Finally, we can wonder about the existence of a stationary point in the tachyon potential for the bosonic closed string field theory [27] . Could this vacuum, if it exists, be a state of unbroken general coordinate invariance having no dynamical graviton? While there appears to be no physical prediction for such hypothetical stationary state, the methods discussed here may improve on earlier computations [15, 16, 17] to give some new insight into this problem.
